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ABSTRACT
We present subarcsecond (∼0.35′′) resolved observations of the 1.3 mm dust polarization from the
edge-on circumstellar disk around the Class 0 protostar L1527. The inferred magnetic field is consistent
with a dominantly toroidal morphology; there is no significantly detected vertical poloidal component
to which observations of an edge-on disk are most sensitive. This suggests that angular momentum
transport in Class 0 protostars (when large amounts of material are fed down to the disk from the
envelope and accreted onto the protostar) is driven mainly by magnetorotational instability rather
than magnetocentrifugal winds at 50 AU scales. In addition, with the data to date there is an early,
tentative trend that R>30 AU disks have so far been found in Class 0 systems with average magnetic
fields on the 1000 AU scale strongly misaligned with the rotation axis. The absence of such a disk
in the aligned case could be due to efficient magnetic braking that disrupts disk formation. If this is
the case, this implies that candidate Class 0 disk systems could be identified by the average magnetic
field direction at ∼1000 AU spatial scales.
Subject headings: ISM: individual objects (L1527) — ISM: magnetic fields — polarization — stars:
protostars
1. INTRODUCTION
Circumstellar disks are a key component of the star
formation process and are fundamental for accretion and
angular momentum distribution during the early phases
of star formation. Class 0 objects are the youngest
and most embedded protostars, and circumstellar disks
form at this earliest stage of star formation if angu-
lar momentum is conserved during cloud collapse (e.g.,
Cassen & Moosman 1981). Class 0 disks are extremely
obscured by envelopes, which contribute &90% of the
total emission (Looney et al. 2000), making the search
for Class 0 disks challenging. However, observations of
Class 0 disks and their properties are essential to pro-
vide the initial conditions for mass accretion onto the
central protostar and planet formation. To date, only a
few Class 0 systems have observed disks with clear Keple-
rian rotation (e.g., Tobin et al. 2012; Murillo et al. 2013;
Codella et al. 2014); L1527, VLA 1623, and HH212 have
Keplerian disks with R>30 AU, sizes larger than mag-
netic braking models predict.
In addition to the properties of young disks and en-
velopes, the morphology and strength of the magnetic
field in these systems also play an important role in star
formation (e.g., Crutcher 2012). For example, the mor-
phology of the magnetic field in the young disk pro-
vides important clues into angular momentum trans-
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port: disk accretion driven by magnetorotational in-
stabilities (MRI, Balbus & Hawley 1998) favor toroidal
fields while angular momentum removal via magnetocen-
trifugal winds arising from the disk favor poloidal fields
(e.g., Blandford & Payne 1982). The magnetic field mor-
phology in the envelope and disk can be inferred; dust
grains preferentially align with their long-axis perpen-
dicular to the magnetic field, causing the dust emission
to be polarized (e.g., Lazarian 2007). An interferomet-
ric survey of dust polarization around 26 low-mass Class
0/I protostars has been recently conducted (TADPOL,
Hull et al. 2013, 2014). For these sources, the average
magnetic field axes are generally misaligned with the ro-
tation axes of the systems (as proxied by the outflow). In
the case of L1527 and VLA 1623, TADPOL observations
show that the magnetic field lines are perpendicular to
the outflows. However, the TADPOL results only probe
envelope size scales and do not approach disk scales. The
magnetic field morphology on smaller scales has been ob-
served in the Class 0 protostars L1157 and IRAS 16293-
2422 B. L1157, whose disk is yet to be resolved and has
R<20 AU (Tobin et al. 2013a), has vertical poloidal com-
ponent magnetic fields aligned with the rotation axis of
the system in the inner envelope (Stephens et al. 2013).
IRAS 16293-2422 B—which is thought to have a face-on
disk and hence no clear Keplerian motion—has resolved
observations of the candidate disk with a polarization
pattern indicative of a toroidal magnetic field compo-
nent (Rao et al. 2014), although the face-on geometry
makes the detection of any vertical poloidal component
impossible.
In this Letter, we present high-resolution CARMA
1.3 mm dust polarimetric observations of the Class 0 pro-
tostar L1527. Lower-resolution CARMA 1.3 mm polari-
metric observations of L1527 were previously conducted
as a part of the TADPOL survey, probing the magnetic
field morphology on ∼1000 AU envelope size scales. Here
we report the magnetic field morphology on ∼50 AU disk
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size scales. The data presented are the first detection of
polarized dust emission emanating directly from a Class
0 Keplerian disk.
2. OBSERVATIONS
CARMA 1 mm full-Stokes observations of L1527 were
obtained in 6 tracks of the B array (∼0.35′′ resolution)
from 2013 December 9–13 and 15 for a total of 21 hours
on-source. The correlator was set up with a local oscil-
lator frequency of 233.731 GHz and four 500 MHz-wide
bands centered at intermediate frequency values of 2.187,
2.740, 4.716, and 5.544 GHz. We used the MIRIAD soft-
ware package (Sault et al. 1995) to reduce the data. The
polarization calibration followed the standard process for
CARMA (Hull et al. 2014). The phase and polarization
leakage calibrator for all tracks was 0510+180. The pre-
ferred bandpass calibrator was 3C84, and 3C454.3 was
used when 3C84 was unavailable. For most tracks, the
flux calibrator was MWC349 with a calibration accuracy
estimation of ∼15%, but only statistical uncertainties are
considered in this Letter. When this calibrator was not
observed, the flux was interpolated from the observations
of MWC349 in other tracks. To maximize sensitivity,
maps of the 4 Stokes parameters (I, Q, U, and V) were
created using natural weighting. From these, we derive
the polarization position-angle and intensity maps. We
also generated new maps of L1527 data from the TAD-
POL survey (Hull et al. 2014). The data include 5 tracks
between 2011 May and 2013 April in D and E arrays.
3. RESULTS
The 1.3 mm dust emission map of L1527 is presented
in Figure 1 and is consistent with the known edge-on
disk (Tobin et al. 2013b). The disk has been resolved
previously at 3.4 mm and 870 µm (Tobin et al. 2012)
and also has been shown to have Keplerian motion and
a radius of 54 AU (Ohashi et al. 2014, in press). Our
observations are the first resolved detection of the disk
at 1.3 mm. At a resolution of ∼0.35′′ and a distance
of 140 pc (Loinard et al. 2007), our interferometric ob-
servations probe L1527 on size scales of ∼50 AU. An
elliptical Gaussian fit to the high-resolution 1.3 mm
Stokes I data measures a deconvolved size of 0.53′′×0.23′′
with position angle of 5.2◦ (PA, measured counterclock-
wise), consistent with the deconvolved sizes at 3.4 mm,
870 µm (Tobin et al. 2013b), and 1.3 mm (Ohashi et al.
2014, in press). In addition, our flux density at 1.3 mm
(139±4 mJy) is consistent with detection of the L1527
disk seen in Tobin et al. (2013b). Using the measured
fluxes at 3.4 mm and 870 µm and the derived β=0 from
Tobin et al. (2013b), we can estimate the expected disk
emission at 1.3 mm (116 mJy and 96 mJy, respectively),
which is congruent with our measured 1.3 mm fluxes
when taking account a 20% extrapolating and amplitude
uncertainty. Based on this evidence, our observations are
dominated by disk emission of the L1527 system, with lit-
tle contamination from the large-scale envelope emission.
We detect dust polarization of the young disk over
2 synthesized beams with an average polarization of
2.5%±0.6% and a position angle of 5◦±5◦ measured
counterclockwise from north, aligning well with the
Stokes I elliptical Gaussian fitted position angle of
5.2◦±0.4◦. The inferred magnetic field (with polarization
vectors rotated by 90◦) is shown in Figure 1. The mor-
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Figure 1. Polarimetric map (polarization vectors rotated by 90◦
to show inferred magnetic field orientation) of the L1527 disk from
CARMA data with a 0.39′′×0.31′′ beam. Fractional polarization
vectors ≥3σ displayed. Contours are Stokes I data with levels of
[-6, -4, -3, 3, 4, 6, 10, 20, 40, 60, 80, 100]×σ, σ=0.45 mJy beam−1.
Grayscale shows the polarized intensity ≥3σ. Outflows in the plane
of the sky are marked by red and blue arrows.
phology of the inferred field is parallel to the disk axis,
as is expected from an edge-on toroidal field—uniform
and aligned with the disk. We compare a uniform field
at a 5◦ PA (the same as the dust emission) to the data
and find a reduced χ2 < 1. The polarization fraction of
the circumstellar disk of L1527 is larger than the 1.4%
polarization fraction found in the face-on candidate disk
of IRAS 16293-2422 B (Rao et al. 2014), although the
lower polarization fraction of IRAS 16293-2422 B may
be due in part to beam-averaging; due to orientation,
an edge on toroidal field is less beam-averaged as the
vectors are more uniform. Our polarization percent-
age is similar to the theoretically predicted 2-3% po-
larization fraction found in simulations of magnetized
disks (Cho & Lazarian 2007). On the other hand, ob-
servations of the disks of older T Tauri systems have
much lower polarization percentages <1% (Hughes et al.
2009, 2013), which may be an outcome of dust process-
ing or de-alignment mechanisms during disk evolution
(Stephens et al. 2014).
A uniform field in the plane of the disk is physically
unlikely for a rapidly-rotating, Keplerian disk system.
One expects either poloidal, toroidal, or a combination
of the two in such a disk (e.g. Balbus & Hawley 1998;
Ko¨nigl & Pudritz 2000). For an edge-on disk, observa-
tions are most sensitive to vertical poloidal field com-
ponents because they are expected to vertically thread
the disk and thus lay roughly in the plane of the sky.
However, our data does not exhibit any obvious poloidal
morphology which would be perpendicular to the disk.
To show that a toroidally dominant morphology is con-
sistent with our observations, we compare to a purely
toroidal, a purely vertical poloidal, and combinations of
toroidal and vertically poloidal toy models (see caption
of Figure 2 for details). We used the best-fit disk pa-
rameters of Tobin et al. (2013b): disk inclination angle
of 85◦, 0◦ PA, Mdisk = 0.0075 M⊙, Rinner = 0.1 AU,
Router = 125 AU, and stellar and accretion luminosity
of 2.75 L⊙. The temperature distribution was calcu-
lated using the Monte-Carlo radiative code RADMC-3D
The Magnetic Field in the Class 0 Protostellar Disk of L1527 3
(a)
3%
100 AU
(b)
3%
100 AU
(c)
3%
100 AU
(d)
3%
100 AU
(e)
3%
100 AU
(f)
3%
100 AU
Figure 2. Synthetic maps of the L1527 disk magnetic field morphology. Contours, grayscale, and vectors are the same as Figure 1. (a)
Toroidal field only, (b) 70% toroidal/30% vertical poloidal field, (c) 60%/40%, (d) 50%/50%, (e) 40%/60%, (f) vertical poloidal field only.
(Dullemond & Dominik 2004). The Stokes I, Q, and U
maps were numerically solved using dust radiative trans-
fer in the disk along the line of sight with an assumed
constant polarization fraction. The magnetic field vec-
tors at each integral element have been tilted and rotated
based on the inclination and position angles of the disk
model. Finally, all maps are convolved with the synthe-
sized beam from the polarization observations (for more
details see Stephens et al. 2014). As shown in Figure
2, the detected polarization is characterized well by our
toroidally dominant toy models with up to 40% poloidal
field (Figure 2a, 2b, 2c), with a reduced χ2 ∼1.8 for
all three cases as fit to the morphology in the image
plane with the vectors shown in Figure 1. The scenarios
where the vertical poloidal component is equally strong
as the toroidal component (Figure 2d) or the vertical
poloidal component is dominant (Figure 2e, 2f) do not
reproduce the observed magnetic field morphology. The
purely toroidal simple model exhibits more extensive po-
larization than the observations, which is likely due to
our assumption of constant polarization in the disk.
4. DISCUSSION
In quiescent (non-turbulent) systems with aligned
magnetic field and disk rotation axes, magnetic brak-
ing can have a significant effect on the infalling material
in the ideal MHD limit, removing angular momentum
(Mellon & Li 2008; Hennebelle & Fromang 2008), and
suppressing growth of the early circumstellar disk by al-
lowing larger accretion rates (Li et al. 2011). Magnetic
braking can be so effective in Class 0 sources that rota-
tionally supported disks are limited to R<10 AU (e.g.,
Dapp & Basu 2010), only reaching R∼100 AU at the end
of the main mass accretion phase when the envelope is
less massive and magnetic braking becomes inefficient
(e.g., Dapp et al. 2012; Mellon & Li 2009; Machida et al.
2011). Conversely to this prediction, Keplerian disks
have been detected in Class 0 sources with sizes larger
than expected from magnetic braking models. L1527 and
VLA 1623 have disk sizes of R∼54 AU and R∼189 AU
respectively (Ohashi et al. 2014, in press; Murillo et al.
2013), and HH212 has a disk of R>30 AU (Codella et al.
2014).
There are large disks in some young systems, suggest-
ing that significant magnetic braking has not happened,
has already occurred, or the magnetic field has diffused
to the point where a R>10 AU disk could form. On the
other hand, similar high resolution observations of the
Class 0 protostar L1157 have not detected a circumstellar
disk down to spatial resolutions of ∼15 AU (Tobin et al.
2013a). This result suggests that magnetic braking may
have been more significant in L1157 than L1527. Of
course, there are differences in age since L1527 is an older
source and could have been classified as a Class I source,
were it not viewed edge-on (Tobin et al. 2008). What is
clear is that some Class 0 sources have R>10 AU cir-
cumstellar disks and others do not. Such differences in
disk size could be a consequence of misalignment between
the magnetic field and rotation axis, which modifies the
strength of magnetic braking (Hennebelle & Ciardi 2009;
Joos et al. 2012; Li et al. 2013; Krumholz et al. 2013).
To better understand the role of the magnetic field in
the early disk and envelope, we can compare the mag-
netic field of L1527 presented here with the larger-scale
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Table 1
B array and TADPOL Results
Data Set Stokes I Flux Polarized Flux P¯% PA Beam
(mJy) (mJy) (%) (◦) (′′)
B array 139±4 1.1±0.2 2.5±0.6 5±5 0.39×0.31
TADPOL 188±5 2.3±0.3 2.8±0.7 1±5 2.63×2.26
Note. — Uncertainties are statistical. Results were found using data >3σ. Position angles are measured counterclockwise. Stokes I flux
is measured across the entire disk or inner envelope; polarized flux and P¯% are measured in the polarized region only.
magnetic field detected with TADPOL (Figure 3 and Ta-
ble 1). When comparing the polarization at 1000 AU
and 50 AU, the two scales have the same average field
angle: perpendicular to the outflow and well aligned with
the disk plane. The higher resolution observations have
less than half of the polarized emission, which suggests
we are resolving out large-scale emission. The projected
field morphology on the 1000 AU scale is consistent with
the view that the initial magnetic field on this scale is
greatly misaligned with respect to the rotation axis, al-
though it is also possible that the field on this scale
is already modified by the collapsing and rotating mo-
tions in the envelope. The magnetic fields on even larger
scales are expected to be affected less by rotation and
collapse, and are more likely to keep their initial config-
uration. The fields are better traced by single dish ob-
servations using SHARP on CSO Davidson et al. (2011)
and SCUPOL on JCMT (Figure 17 of Hull et al. 2014;
Matthews et al. 2009). These single dish data are mod-
eled by Davidson et al. (2014, in press) together with
CARMA data; we refer the reader to that paper for a
detailed discussion of the magnetic field on large-scales.
In any case, on the small scale of the disk, the avail-
able data are consistent with the field being predom-
inantly toroidal, and such a toroidally dominant disk
magnetic field is also consistent with the magnetorota-
tional instability (e.g., Balbus & Hawley 1998) driving
accretion during the main accretion phase. We do not de-
tect significant vertical poloidal component fields that are
needed to launch magnetocentrifugal winds; such winds
are probably not the dominant driver of angular momen-
tum transport during the main accretion phase at the
∼50 AU size scale. On the other hand, a disk wind would
likely be launched from the disk upper layers that are not
well traced by our observations, which are most sensitive
to the dust in the midplane. If the poloidal field is some-
how limited to the surface layers, then our observations
would be less constraining on the existence or absence of
a disk wind.
With dust polarization observations and high-
resolution searches for disks, we can compare the mag-
netic field orientations and morphologies with disk prop-
erties. L1527, VLA 1623, and L1157 have all been ob-
served with CARMA dust polarization at 500 AU or bet-
ter resolution (Hull et al. 2014). L1527 and VLA 1623,
the first two Class 0 systems with known Keplerian disks,
have average magnetic fields perpendicular to the rota-
tion axes (inferred from the outflow direction). In con-
trast, L1157, a system with a disk R<20 AU in size, has
an inferred average magnetic field parallel to the rota-
tion axis. Although we have few examples so far (Table
2), this observational, tentative trend is intriguing and
suggested from theory (e.g., Joos et al. 2012); the mag-
netic field morphology at the earliest stages of collapse
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Figure 3. Polarimetric map of the L1527 inner envelope from the
CARMA TADPOL data with a 2.63′′×2.26′′ beam. Contours are
Stokes I data with levels of [-6, -4, -3, 3, 4, 6, 10, 20, 40, 60, 80,
100]×σ, σ=2.34 mJy beam−1. Grayscale and vectors are the same
as Figure 1.
may play an important role in the formation of the ear-
liest disk, with strongly misaligned magnetic fields and
rotation axes producing R>10 AU disks at early times.
Clearly more objects are necessary to better establish
this relationship.
We therefore suggest that the morphology of the mag-
netic field in the inner envelope (∼1000 AU, TADPOL
scales) could be another method to help identify candi-
date Class 0 disk sources with R>10 AU. Sources with
R>10 AU disks may have a projected magnetic field on
the 1000 AU scale perpendicular to the rotation axis, and
the magnetic field would appear uniform for edge-on disk
cases like L1527. At more oblique viewing angles at high
resolution, a purely toroidal field would be observed as
two maxima of fractional polarization along the axis of
rotation on either side of the protostar, with the magnetic
field oriented perpendicular to the outflow axis within
the maxima regions (e.g., see Figure 1 in Hughes et al.
2013). A purely toroidal disk field observed directly down
the rotation axis will appear as a pattern of concentric
circles (e.g., Padovani et al. 2012). Sources with R<10
AU disks may have dominant vertical poloidal compo-
nent fields misaligned with the axis of rotation, as is the
case with L1157 with a characteristic hourglass pinch
near the protostar. Such a poloidal morphology observed
at viewing roughly perpendicular to the rotation axis of
the system can appear either symmetric or asymmetric
on either side of the pinch (Kataoka et al. 2012), espe-
cially for more oblique viewing angles: L1157 has a slight
asymmetry. When a purely poloidal field is observed di-
rectly down the rotation axis, the poloidal pinch is not
observed, but rather has a convergent, spoke-like mor-
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Table 2
Class 0 Magnetic Field Morphologies and Candidate Disks
Source α δ Mag-Rot-Axisa Candidate Known References
(J2000) (J2000) Disk?b Keplerian?
L1527 04:39:53.9 26:03:09.6 Perpendicular Yes Yes 1,2
IRAS 16293-2422 B 16:23:22.9 -24:28:35.7 Perpendicular Yes No 3,4
VLA 1623 16:26:26.4 -24:24:30.5 Perpendicular Yes Yes 5,2
L1157 20:39:06.2 68:02:15.8 Parallel No No 6,2
Note. — a Orientation of the magnetic field compared to the rotation axis (estimated from the outflow for L1157). b Does the source
have a candidate disk of R>30 AU?
References. — (1) Tobin et al. (2012); (2) Hull et al. (2014); (3) Zapata et al. (2013); (4) Rao et al. (2014); (5) Murillo & Lai (2013);
(6) Tobin et al. (2013a)
phology. In the extreme cases of purely toroidal and
purely poloidal magnetic field components, the observed
morphology alone can be used to distinguish between the
two cases and point towards R>10 AU candidate Class
0 disks.
5. CONCLUSIONS
L1527 is the first Class 0 protostar with a known Kep-
lerian disk and direct detection of linearly polarized dust
emission from the circumstellar disk, indicating magnetic
fields are aligned perpendicular to the rotation axis of
the disk. The magnetic field is consistent with toroidally
dominant field lines. It may be that L1527’s large disk
arises from the strongly misaligned rotation axis and
magnetic field on large scales, while aligned rotation axes
and magnetic fields inhibit disk formation on R>10 AU
scales. The toroidally dominant field morphology fa-
vors the magnetorotational instability (Balbus & Hawley
1998) as the dominant angular momentum transport pro-
cess in Class 0 circumstellar disks.
L1527 is one of two Class 0 sources (with VLA 1623)
where both magnetic fields and Keplerian disks have
been detected. Both of these sources have perpendicular
magnetic fields and rotation axes (Murillo & Lai 2013;
Tobin et al. 2012; Hull et al. 2013) on 1000 AU scales.
The alternative case is where the magnetic field and ro-
tation axes are parallel on envelope scales, such as the
Class 0 source L1157 with no disk detected down to 20
AU (Tobin et al. 2013a). It is possible that aligned mag-
netic fields may have braked rotation so efficiently as to
inhibit the disk formation and growth at early times.
The tentative trend of misaligned magnetic field and ro-
tation axes in Class 0 systems with disks is suggestive
and expected from theory, requiring follow-up to make
hard conclusions about Class 0 disk formation.
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